Leukemia relapse and nonrecurrence mortality (NRM) due to leukemia stem cells (LSCs) represent major problems following hematopoietic stem cell transplantation (HSCT). To eliminate LSCs, the sensitivity of LSCs to chemotherapeutic agents used in conditioning regimens should be enhanced. Curcumin (CUR) has received considerable attention as a result of its anticancer activity in leukemia and solid tumors. In this study, we investigated the cytotoxic effects and underlying mechanisms in leukemia stem-like KG1a cells exposed to busulfan (BUS) and CUR, either alone or in combination. KG1a cells exhibiting BUS-resistance demonstrated by MTT and annexin V/propidium iodide (PI) assays, compared with HL-60 cells. CUR induced cell growth inhibition and apoptosis in KG1a cells. Apoptosis of KG1a cells was significantly enhanced by treatment with CUR+BUS, compared with either agent alone. CUR synergistically enhanced the cytotoxic effect of BUS. Seven apoptosis-related proteins were modulated in CURand CUR+BUS-treated cells analyzed by proteins array analysis. Importantly, the antiapoptosis protein survivin was significantly downregulated, especially in combination group. Suppression of survivin with specific inhibitor YM155 significantly increased the susceptibility of KG1a cells to BUS. These results demonstrated that CUR could increase the sensitivity of leukemia stem-like KG1a cells to BUS by downregulating the expression of survivin.
Introduction
Hematopoietic stem cell transplantation (HSCT) is currently one of the most effective methods of curing hematopoietic malignances [1] [2] [3] . In 1977, Thomas reported long-term survival in 13 patients with leukemia who underwent HSCT [4] . However, leukemic patients who received allo-HSCT are still susceptible to relapse and to nonrecurrence mortality (NRM) associated with the toxicity of the chemotherapeutic agents used for conditioning [5, 6] , such as busulfan (BUS), cytoxan, and etoposide. Leukemia stem cells (LSCs) are considered to be responsible for leukemia relapse and drug resistance [7, 8] . Complete elimination of LSCs and reduced doses of chemotherapeutic agents are thus essential strategies for improving the prognosis in these patients [9] . Lapidot et al. demonstrated that acute myeloid LSCs possessed the cell phenotype of CD34 + CD38 − [10] . Notably, KG1a cells with a similar phenotype have demonstrated self-renewal potential and chemotherapy and immunotherapy resistance [11, 12] . KG1a cells are thus considered as leukemia stem-like cells and provide an ideal cells model for studying LSCs.
The alkylating agent BUS is commonly applied in different conditioning regimens for HSCT, to eliminate the underlying leukemia cells and exert an immunosuppressive effect. However, BUS is associated with severe toxicities, including liver, lung, and skin toxicities, hemorrhagic cystitis, diarrhea, and mucositis [13, 14] . The ability of BUS to inhibit or effectively kill LSCs also remains unclear, leaving the potential for leukemia relapse after HSCT.
Curcumin (CUR) is a polyphenol derived from the rhizomes of turmeric, which has received considerable attention as a result of its chemopreventive, chemotherapeutic, and 2 BioMed Research International chemosensitizing activities in leukemia and various solid tumors, via targeting multiple signaling pathways [15] [16] [17] [18] [19] . CUR thus represents a potential sensitizing agent when combined with chemotherapeutic drugs for treating LSCs.
In this study, we explored the cytotoxic efficiencies and molecular mechanisms of CUR and BUS alone and in combination in KG1a cells.
Materials and Methods

Reagents.
Reagents include RPMI-1640 (Hyclone, SH30809.01B), fetal bovine serum (Hyclone, SH30084.03), penicillin and streptomycin (PAA, P11-010), CUR (Sigma, 458-37-7), DMSO (Amresco, 67-68-5), BUS (Sigma, 55-98-1), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Seebio, 298-93-1), hydroxypropyl methylcellulose (Amresco, 9004-65-3), anti-CD34-PE/CD38-FITC (BD Biosciences, USA), FITC Annexin V Apoptosis Detection Kit I (BD Biosciences, USA), CycleTEST Plus DNA Kit (BD Biosciences, USA), anti-PARP (BD, USA, 1 : 500), anti-caspase-3 (CST, USA, 1 : 5000), anti-survivin (BD, USA, 1 : 5000), ym155 (SELLECK, 781661-94-7), Human Apoptosis Antibody Array Kit (RayBio, USA), electrophoresis apparatus trophoresis (Tanon EPS200), and LI-COR Odyssey Scanner (USA).
Cell Lines and Culture.
Human acute myeloid leukemia KG1a cells and human acute promyelocyte leukemia HL-60 cells were cultured in RPMI-1640 with 10% inactivated fetal bovine serum, penicillin, and streptomycin at 37 ∘ C under 5% CO 2 , which were kindly presented by Miaorong She (Department of Hematology, Guangdong General Hospital, Guangzhou, China).
Cell Viability
Assay. Cells viability was estimated by MTT assay. KG1a and HL-60 cells in logarithmic phase at 5 × 10 5 cells/mL were incubated in 96-well plates in the presence or absence of the indicated test samples in a final volume of 0.2 mL for 24 h or 48 h at 37 ∘ C under 5% CO 2 . 20 L MTT solution (5 mg/mL in phosphate-buffered saline (PBS)) was then added to each well and incubated for 4 h at 37 ∘ C, followed by the addition of 200 L DMSO. Finally the plates were shaken and examined at 490 nm using a microplate reader (MK3, Shanghai). Each assay was performed in triplicate. Cells viability was calculated as follows: survival ratio (%) = (OD value of experimental samples/OD value of control samples) × 100%.
Flow Cytometry Analysis for Immunophenotyping.
Single-cell suspensions of 1.0 × 10 6 of KG1a and HL-60 cells were washed in PBS containing 2% fetal calf serum (FCS). The cells were resuspended in PBS and incubated for 30 min at 4 ∘ C with antibodies to surface antigens CD34 and CD38. Mouse IgG isotype was used as a control. The cells were then analyzed by flow cytometry. 
Methylcellulose Colony Formation
Western Blot Analysis.
Total cellular proteins were isolated with lysis buffer (RIPA). Equal amounts of protein were subjected to 10% or 15% polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% skim milk, the membranes were incubated with primary antibodies (anti-PARP, anti-caspase-3, and anti-survivin) over night at 4 ∘ C and then incubated with horseradish peroxidase-conjugated antimouse secondary antibody at room temperature for 1-2 h. The protein bands were imaged using a chemiluminescence reagent (CTB, USA) and densities value of the bands was analyzed using Image J software, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH; HC301; 1 : 5000) as the internal reference.
Analysis of Apoptosis-Related Proteins by RayBio Arrays.
The expression of 43 apoptosis-related proteins was analyzed using a Human Apoptosis Antibody Array Kit (RayBio, USA). Briefly, according to instructions, each of the capture antibodies was printed on the membranes, followed by addition of the treated or untreated cell lysate. After extensive washing, the membranes were incubated with a cocktail of biotin-conjugated anti-apoptotic protein antibodies. After incubation with the infrared fluorescent agent-streptavidin, the fluorescence signals were visualized using a LI-COR Odyssey Scanner. 13.0 and Graphpad Prism 5 software. Means of different groups were compared using one-way ANOVA followed by Bonferroni multiple comparison to evaluate the differences between two groups under multiple conditions. If the date failed the normality test, the Kruskal-Wallis one-way ANOVA on ranks was used for data that failed the normality test. A value of < 0.05 was considered statistically significant. Compusyn software was used to evaluate the synergistic effects of drug combinations. The combination index (CI) was generated by Compusyn software, where CI < 1, CI = 1, and CI > 1 indicated synergism, additive effect, and antagonism, respectively.
Results
CD34
+ CD38 − KG1a Cells Were Insensitive to BUS. The percentages of CD34 + CD38 − cells were 92.3% in KG1a cells, but no CD34 + CD38 − cells were detected among the HL-60 cells (Figure 1(a) ). KG1a and HL-60 cell lines were treated with various concentrations of BUS for 48 h followed by cell viability and apoptosis analyses. BUS suppressed proliferation and induced apoptosis in more mature HL-60 cells, but not in KG1a cells (Figures 1(b) and 1(c) ). The IC 50 values for BUS were 22523.1 M in KG1a cells and 354.5 M in HL-60 cells, respectively. The apoptotic rate was significantly higher in HL-60 cells, compared with KG1a cells. These results indicated that leukemia stem-like KG1a cells were insensitive to BUS and exhibited drug resistance.
CUR Inhibited Cell Growth and Induced Cell Apoptosis in KG1a
Cells. KG1a cells were treated with various concentrations of CUR (0-32 M) for 24 and 48 h and the cytotoxic effects were detected by MTT assay. CUR exhibited dose-and time-dependent cytotoxic effects in KG1a cells (Figure 2(a) ). The IC 50 values at 24 and 48 h were 51.3 M and 18.4 M, respectively. The antiproliferation effect of CUR in KG1a cells was confirmed further by colony formation assays. CUR suppressed colony formations in a dose-dependent manner (Figure 2(c) ). To determine if CUR-induced growth inhibition was related to the cell cycle arrest, KG1a cells were exposed to CUR for 48 h followed by detection by flow cytometry. CUR induced S phase arrest in KG1a cells (Figure 2(b) ). Treatment with 32 M CUR significantly increased the percentage of cells in S phase from 24.14% to 40.08%. We investigated the effect of CUR for 48 h on early and late apoptosis in KG1a cells by annexin V analysis. CUR induced apoptosis in a dose-dependent manner in KG1a cells (Figure 2(d) ). These results demonstrated that CUR could inhibit cell growth and induce apoptosis in KG1a cells.
CUR Increased BUS-Induced Apoptosis by Downregulating Procaspase-3 followed by PARP Degradation in KG1a Cells.
We determined if CUR could increase BUS-induced apoptosis in KG1a cells by examining proapoptotic effects of CUR and BUS alone and in combination (CUR + BUS) using annexin V/PI. Apoptosis was significantly increased in CUR + BUS group, compared with CUR-or BUS-alone groups (Figure 3(a) ). For instance, apoptotic rates in cells treated with 16 M CUR, 80 M BUS, and the combination groups were 15.6 ± 1.5%, 5.7 ± 0.7%, and 28.3 ± 0.8%, respectively. Western blot analysis also demonstrated that the markers of apoptosis procaspase-3 cleaved PARP were significantly regulated in combination groups (Figure 3(b) ). These results indicated that CUR significantly enhanced BUS-induced apoptosis.
CUR Synergistically Enhanced the Cytotoxic Effect of BUS in KG1a
Cells. We investigated the ability of CUR to enhance the cytotoxic effect of BUS by treating KG1a cells with combinations of the two drugs at different doses but Apoptosis (%) * * * * * * * * * * * * * * * * * * * 
Effects of BUS and CUR on Protein Expression in KG1a
Cells. We investigated the molecular mechanisms responsible for CUR-induced apoptosis and enhanced BUS-induced apoptosis in KG1a cells treated with 16 M CUR, 80 M BUS, and their combination by detecting expression levels of 43 apoptosis-related proteins using RayBio human apoptosis arrays. The threshold values of fold-change were usually set at ≤0.667 or ≥1.5. Three proteins (Bcl-2-associated death promoter (BAD), caspase-3, and HTRA) were upregulated and four proteins (Bcl-2, cellular inhibitor of apoptosis-2 (cIAP-2), survivin, and X-linked inhibitor of apoptosis (XIAP)) were downregulated in CUR group and combination group (Table 1 ; Figure 5 (a)). Survivin was significantly more downregulated in the combination group compared with the CUR group. This result was further confirmed by western blot analysis ( Figure 5(b) ). Survivin is known to be an important antiapoptosis protein that participates in the modulation of apoptosis by various signal pathways. We therefore considered that survivin was a likely key factor in CUR-induced apoptosis and BUS sensitivity in KG1a cells.
Suppression of Survivin with YM155 Could Induce Apoptosis and Increase the Susceptibility to BUS in KG1a Cells.
We clarified the role of CUR-induced survivin downregulation in sensitization of KG1a cells to BUS by suppressing survivin expression using the specific inhibitor YM155. The proapoptotic effect and sensitivity to BUS were evaluated by flow cytometry. The cytotoxic activity of YM155 in KG1a cells was detected by MTT assays. YM155 exhibited time-and dose-dependent growth-inhibitory effects in KG1a cells (Figure 6(a) ). The IC 50 values of 24 and 48 h were 8.86 ng/mL and 2.43 ng/mL, respectively. The YM155 IC 50 of 2.43 ng/mL was used in subsequent experiments. KG1a cells were exposed to 2.43 ng/mL YM155 and 80 M BUS alone or in combination for 48 h and early and late apoptotic rates were then examined. YM155-induced apoptosis (14.90%) ( Figure 6(b) ) was similar to CUR-induced apoptosis in KG1a cells (15.50%, 16 M, Figure 3(a) ). Suppression of survivin by YM155 increased the susceptibility to BUS, with a BUSinduced apoptotic rate of 40.36%, compared with 8.67% for BUS alone. These results revealed that suppression of survivin could contribute to CUR-induced apoptosis and the synergistic effect of CUR and BUS in KG1a cells.
Discussion
LSCs were a rare population of cells in patients with leukemia. They possess characteristics of self-renewal, chemotherapy resistance, and immune resistance [20] [21] [22] . LSCs were thus commonly regarded as the origin of leukemia relapse and refractory [12, 23] . LSCs have been reported to demonstrate a CD34 + CD38 − phenotype [10, 12, 24, 25] , reflected by the acute immature myeloid leukemia cells KG1a cell line, which expresses high level of CD34 and lacks CD38. We also provided the first demonstration that leukemia stemlike KG1 cells were insensitive to BUS according to MTT assays and annexin V/PI assays, compared with the more mature acute promyelocyte leukemia HL-60 cells. KG1a cells have previously been shown to be resistant to the common chemotherapeutic agent daunorubicin [12] . CD34 + CD38 − KG1a cells maybe thus provide an ideal model of LSCs, in accord with previous studies [12, 26] . CUR and its analogs have been showed to suppress the growth of various leukemia cells, including U937 cells [27, 28] , K562 chronic myeloid leukemia cells [27] , and HL-60 acute promyelocyte leukemia cells [29, 30] , but its effects on LSCs have not been determined. CUR inhibited proliferation and induced S phase arrest and apoptosis in leukemia stemlike KG1a cells. CUR was previously shown to target cancer cells or cancer stem cells by several mechanisms, including autophagy, G2/M phase arrest, and apoptosis in hepatoma cells (HepG2, SMMC-7721, and BEL-7402) [31] , reducing the expression of stem cell markers (DCLK1/Lgr5/CD44) in colon cancer stem-like HCT-116 [32] , and reducing microtentacles and preventing reattachment in breast cancer stemlike cells [33] . CUR has thus demonstrated indeed extensive anticancer effects in various tumors and has been shown to modulate numerous targets including the activation of transcription factors (NF-kB, STAT3, and AP-1), receptors (CXCR-4, HER-2, and IL-8), kinases (EGFR, ERK, and JAK), cytokines (TNF, IL), and others (cyclin-D1/E,XIAP-1) [15, 34] . Unfortunately, the mechanism of S phase arrest induced by CUR was not explored further in depth in this study. In a word, CUR exhibited an inhibitory effect on leukemia stemlike KG1a cells, which was particularly worthy of attention.
Insensitivity of LSCs to conditioning chemotherapeutic drugs such as BUS is a major reason for leukemia relapse after HSCT. In this study, KG1a cells displayed resistance to BUS, indicated by a lack of apoptosis induction. We there explored the effects of the combination of CUR and BUS on apoptosis in KG1a cells. Encouragingly, CUR markedly enhanced BUS-induced apoptosis, as confirmed by annexin V/PI and western blot analysis. Similarly, the combination of various concentrations of CUR and BUS produced a synergistic antiproliferation effect in KG1a cells. Accumulating evidence suggests that CUR potentiates the effect, including enhancing the antiapoptotic effects of chemotherapeutic drugs such as 5-fluorouracil, bortezomib, FOLFOX, and paclitaxel in vitro or in vivo [35] [36] [37] [38] [39] . The results of the current study suggested that CUR has the potential to be a powerful chemosensitizing agent in various cancer cells, including cancer stem cells (CSCs). Notably, Yu et al. demonstrated that CUR either alone or together with FOLFOX could efficiently eliminate FOLFOX-resistant colon cancer stem cells [36] . However, the effects of the combination of CUR with BUS on cancer stem cells, especially LSCs, have not been reported. BUS is well-known conditioning agent for HSCT, and its ability to eliminate LSCs is vital for the successful cure of leukemia in patients undergoing this treatment. Gerber et al. pointed out that minimal residual disease detected during complete remission was enriched for CD34 + CD38 − ALDH int leukemia cells, which were highly correlated with subsequent clinical relapse [25] . Combined treatment with CUR may allow a reduction in the clinical dose of BUS for HSCT, with the potential for reducing NRM. Nakane et al. showed that reduced-intensity conditioning by BUS was associated with lower NRM in patients undergoing unrelated bone marrow transplantation [40] . The results of the current study showed a significant reduction in the percentage of cells in G0/G1 phase in the combination group (Figure 4(d) ), suggesting that cells in G0/G1 phase were more sensitive to this drug combination. Interestingly, cancer stem cells (including LSCs) tend to remain in quiescent phase and possess drug resistance [41] [42] [43] [44] . The discovery that CUR could sensitize leukemia stem-like KG1a cells to BUS suggested that further studies are warranted, especially with a view to elucidating the mechanism responsible for this effect.
The results of apoptosis arrays showed that seven apoptosis-related proteins were significantly modulated in KG1a cells treated with CUR and CUR + BUS ( Figure 5(a) ; Table 1 ). A mechanistic diagram was thus presented in Figure 7 . Activated caspase-3 is the common effector caspase of the intrinsic and extrinsic pathways of apoptosis and is thus a marker of apoptosis [45] . Activated caspase-9 is an upstream protein effector that may stimulate caspase-3 [45] . XIAP inhibits caspases, including caspase-3 and caspase-9, by direct physical interactions [46] . Interestingly, we found that XIAP expression in KG1a cells was downregulated by CUR and especially by CUR + BUS. cIAP-2, another member of inhibitor of apoptosis (IAP) family, was downregulated in the same two groups. cIAP-2 could bind caspase-3 and mark it for proteasomal degradation rather than inhibit it by physical interaction [47] . These results suggest that the downregulation of XIAP and cIAP-2 was closely related to the CUR-induced enhancement of apoptosis in KG1a cells. Notably, we provide the first evidence to demonstrate that CUR alone, and especially in combination with BUS, increased the expression of proapoptotic serine protease HTRA-2 in leukemia cells, particularly in leukemia stem-like cells (Table 1) . HTRA2 plays a pivotal role in the induction of apoptosis in the response to various stressors, mediating interactions with a variety of inhibiter of IAPs, such as XIAP and cIAP-1/2, through their BIR domains [48] [49] [50] . The neutralization of IAPs causes the activation of caspases 3/7/9 and thus contributes to the induction of apoptosis [48, 49] . Hence, the increase in HTRA-2 observed in the current study may thus be an important mechanism in the downregulation of XIAP and cIAP-2, finally, leading to apoptosis induction and enhancement of apoptosis in CUR + BUS-treated KG1a Table 1 ). Survivin is an important IAP that tends to be overexpressed in cancer cells [51] , including cancer stem cells [52, 53] , which exerts antiapoptotic effects via various mechanisms. For example, survivin inhibits caspase-dependent apoptosis through cooperation with XIAP, inhibits the SMAC-XIAP complex, and interferes with caspase-3/caspase-9 [51] (Figure 7) . Our results showed that KG1a cells overexpressed survivin protein (Figure 5(a) ), in accord with the characteristics of leukemia stem-like cells. CUR alone and especially CUR + BUS decreased survivin expression in KG1a cells (consistent with the results of apoptosis showed in Figures 3(a) and 3(b) ). Growing evidence has demonstrated that downregulating or inhibiting survivin could induce apoptosis and eradicate cancer stem cells or LSCs [52, [54] [55] [56] . This suggests that CUR may induce apoptosis and enhance BUS-induced apoptosis by downregulating the expression of survivin in KG1a cells. This was confirmed by treating KG1a cells with survivin inhibitor YM155 alone or in combination with BUS. YM155 induced apoptosis and enhanced BUS-induced apoptosis in KG1a cells, in a similar manner to CUR (Figure 6(b) ). Survivin appears to act as a key protein in the mechanisms whereby CUR sensitizes KG1a cells to BUS. BAD and Bcl-2 proteins were also shown to be modulated by CUR and CUR + BUS,
